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S u m m a r y  1 
T h i s  memorandum reviews t h e  a v a i l a b l e  informat ion  r ega rd ing  t h e  
t ransmiss ion  and r e f l e c t i o n  of high-energy e l e c t r o n s  by aluminum sh ie lds .  
The i n c i d e n t  e l e c t r o n  e n e r g i e s  cons idered  l i e  between 0.5 MeV and 10.0 
MeV, cover ing  t h e  r e g i o n  o f  i n t e r e s t  f o r  s h i e l d i n g  a g a i n s t  e l e c t r o n s  i n  
n a t u r a l  and ar t i f ic ia l  r a d i a t i o n  b e l t s .  Emphasis i s  placed OR summary 
parameters  such as number and energy t r ansmiss ion  c o e f f i c i e n t s ,  r e f l e c t i o n  
c o e f f i c i e n t s ,  and p r a c t i c a l  ranges.  Extens ive  new d a t a  are t a b u l a t e d  
which w e r e  c a l c u l a t e d  wi th  t h e  Monte Car lo  computer program ETRAN 16. 
Numerous comparisons are a l s o  made wi th  a l l  p e r t i n e n t  experiments i n  o r d e r  
t o  review t h e  experimental  s i t u a t i o n  and t o  v e r i f y  t h e  v a l i d i t y  o f  t h e  
method o f  c a l c u l a t i o n .  
Martin J. Berger 
Center  f o r  Rad ia t ion  Research 
Radfa t ion  Theory Sec t ion  
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1. Purpose and Scope 
T h i s  memorandum c o n t a i n s  new d a t a  p e r t a i n i n g  t o  t h e  t r a n s p o r t  o f  
e l e c t r o n s  through p l a n e - p a r a l l e l  aluminum t a r g e t s .  The d a t a  are excerp ted  
from a more d e t a i l e d  manuscript  now be ing  prepared f o r  p u b l i c a t i o n  i n  a 
t e c h n i c a l  j ou rna l .  The work w a s  undertaken f o r  two purposes: (a) t o  make 
comparisons between c a l c u l a t e d  and exper imenta l  e l e c t r o n  t r a n s p o r t  d a t a ,  
and (b) t o  provide  informat ion  needed f o r  engineer ing  estimates o f  protec-  
t i o n  a g a i n s t  space r a d i a t i o n .  The t h e o r e t i c a l  r e s u l t s  have been obta ined  
w i t h  t h e  Monte Car lo  computer program ETRAN 1- 3 . 
The d a t a  i n  t h i s  memorandum are f o r  i n c i d e n t  e l e c t r o n  beams wi th  
v a r i o u s  e n e r g i e s  between 0.25 MeV and lO.O.MeV,  and inc lude  (a) number 
and energy r e f l e c t i o n  c o e f f i c i e n t s ,  (b)  number and energy t ransmiss ion  
c o e f f i c i e n t s ,  and (c) p r a c t i c a l  ranges.  Information has  a l s o  been obta ined  
by t h e  energy depos i t ed  as a func t ion  of t h e  depth i n  t h e  t a r g e t ,  which 
w i l l  be presented  i n  a later r e p o r t .  
The t r ansmiss ion  and r e f l e c t i o n  c o e f f i c i e n t s  i n  t h i s  memorandum are 
2 an  updat ing  and ex tens ion  of  earlier d a t a  . 
t o  t a r g e t  t h i cknesses  no g r e a t e r  than  70% of  t h e  mean range o f  t h e  i n c i d e n t  
e l e c t r o n s ,  were ob ta ined  wi th  Version 5 o f  ETRAN i n  which no 'a l lowance  w a s  
.made f o r  t h e  t r a n s p o r t  o f  secondary e l e c t r o n s .  
remedied i n  Verion 16 o f  ETRAN which w a s  used i n  t h e  p re sen t  work. 
earlier d a t a  were used by Ingl,ey4 t o  estimate r a d i a t i o n  doses  i n  space 
v e h i c l e s .  
where one needs t o  know t h e  t ransmiss ion  of e l e c t r o n s  through s h i e l d s  g r e a t e r  
t han  70% of  t h e  range. 
t o  t a r g e t  t h i cknesses  equal  t o  100% of t h e  range. 
The previous  r e s u l t s ,  l i m i t e d  
This  d e f i c i e n c y  h a s  been 
The 
A s  h e  poin ted  o u t ,  t h e r e  are s i t u a t i o n s  of  p r a c t i c a l  i n t e r e s t  
The presefit  t a b u l a t i o n s  were t h e r e f o r e  extended 
It i s  n o t  always easy  t o  j u s t i f y  on a pure ly  l o g i c a l  b a s i s ,  and to  
understand t h e  consequences o f ,  t h e  v a r i o u s  approximations t h a t  e n t e r  i n t o  
a Monte Carlo model such as t h a t  used f o r  ETRAN. Moreover, even though 
t h e  c r o s s  s e c t i o n s  f o r  t h e  i n t e r a c t i o n s  between e l e c t r o n s ,  photons, and 
atoms are on t h e  whole w e l l  known f o r  t h e  materials and ene rg ie s  of i n t e r e s t ,  
2 
some u n c e r t a i n t i e s  remain, e.g., i n  r e s p e c t  t o  t h e  product ion of  brems- 
s t rah lung .  It i s  t h e r e f o r e  d e s i r a b l e  t o  t es t  t h e  adequacy of  t h e  Monte 
Car lo  model and o f  t h e  c r o s s  s e c t i o n s  s imultaneously,  through comparison 
wi th  e l e c t r o n  t r a n s p o r t  experiments.  
and t h e  t r a n s p o r t  c a l c u l a t i o n s  can be used as a means of checking t h e  
r e l i a b i l i t y  of v a r i o u s  experiments and t h e  cons is tency  between them, 
Once a n  adequate  body of  mutual ly  suppor t ing  t h e o r e t i c a l  and experimental  
evidence has  been accumulated, a program such as ETRAN can be used wi th  
confidence f o r  g e t t i n g  sys temat ic  s o l u t i o n s  t o  a l a r g e  class of problems. 
d a t a  have a l r e a d y  been made1’2’5- 14. 
evidence i s  c o l l e c t e d  regard ing  r e f l e c t i o n . a n d  t ransmiss ion  c o e f f i c i e n t s ,  
covering ground not  covered previous ly  i n  t h e  l i t e r a t u r e .  
The argument can a l s o  be reversed  
Various comparisons between t h e  p r e d i c t i o n s  of ETRAN and experimental  
I n  t h e  p re sen t  memorandum, a d d i t i o n a l  
2. Assumed I n i t i a l  Condi t ions and Targe t  Configurat ion 
Recently,  new v e r s i o n s  of ETRAN have been developed which can be  used 
t o  t r e a t  three-dimensional  t a r g e t  conf igu ra t ions .  However, i n  t h e  present  
memorandum t h e  d i scuss ion  i s  l i m i t e d  t o  problems t h a t  can be  descr ibed  
us ing  only  a s i n g l e  spatial  v a r i a b l e .  The t a r g e t  i s  t h u s  assumed t o  be 
a p l a n e - p a r a l l e l  s l a b  of  f i n i t e  t h i ckness  i n  t h e  z - d i r e c t i o n  and e f f e c t i v e -  
‘ l y  unbounded (i.e., l a r g e  compared t o  an e l e c t r o n  range) i n  t h e  x- and y- 
d i r e c t i o n s .  
Transmission and r e f l e c t i o n  c o e f f i c i e n t s  are considered as func t ions  
of t h e  t a r g e t  t h i ckness  z ,  o f  t h e  i n c i d e n t  e l e c t r o n  k i n e t i c  energy To, and 
t h e  i n c i d e n t  o b l i q u i t y  eo. This  ang le  i s  def ined  as t h e  ang le  between t h e  
i n c i d e n t  e l e c t r o n  v e l o c i t y  v e c t o r  and t h e  normal t o  t h e  t a r g e t  su r f ace ,  and 
goes from 0 (perpendicular  inc idence)  t o  90 (graz ing  inc idence) .  Resu l t s  
are presented  not  on ly  f o r  s p e c i f i c  va lues  of eG, but  a l s o  f o r  an assumed 
i n c i d e n t  e l e c t r o n  f l u x  i s o t r o p i c  over  one hemisphere, i.e., wi th  equal  
numbers of e l e c t r o n s  c ros s ing  a u n i t  area of s u r f a c e  perpendicular  t o  t h e  
i n c i d e n t  v e l o c i t y  v e c t o r  f o r  a l l  8, between 0 With an i n c i d e n t  
’ i s o t r o p i c  f l u x ,  t h e  corresponding e l e c t r o n  c u r r e n t  a c r o s s  a u n i t  a r e a  of 
0 0 
0 and go0. 
I 
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t h e  t a r g e t  s u r f a c e  h a s  an angu la r  d i s t r i b u t i o n  p ropor t iona l  t o  cos  eo. 
Such a cosine- law source  i s  a u s e f u l  approximation i n  space s h i e l d i n g  
s t u d i e s t  i n  c o n d i t i o n s  where t h e  a c t u a l  angu la r  d i s t r i b u t i o n  o f  t h e  i n -  
c i d e n t  e l e c t r o n s  i s  not  w e l l  known. 
3 .  S c a l i n g  
The e x p l i c i t  dependence of  t h e  t r ansmiss ion  c o e f f i c i e n t s  on t h e  
i n c i d e n t  e l e c t r o n  energy To can be  g r e a t l y  reduced by sca l ing .  For t h i s  
purpose, t h e  t r ansmiss ion  c o e f f i c i e n t s  are t a b u l a t e d  as func t ions  of  t h e  
r a t i o  z/ro, where z i s  t h e  a c t u a l  t a r g e t  t h i ckness  and ro i s  t h e  mean range  
of  t h e  i n c i d e n t  e l e c t r o n s .  The mean range  i s  understood t o  be t h e  recti- 
f i e d  pa th l eng th  ( a l s o  c a l l e d  c.s.d.a. range)  computed i n  t h e  continuous- ‘ 
slowing-down-approximation accord ing  t o  t h e  equat ion  
where L(T) i s  t h e  mean energy l o s s  p e r  u n i t  pa th length .  
ro -va lues  of  aluminum i s  g iven  i n  Table  1. 
A s h o r t  l i s t  of  
4. R e f l e c t i o n  C o e f f i c i e n t s  
Two summary parameters  w i l l  b e  used t o  d e s c r i b e  t h e  c u r r e n t  of 
r e f l e c t e d  e l e c t r o n s :  (a) t h e  number r e f l e c t i o n  c o e f f i c i e n t  R a l s o  c a l l e d  
t h e  number albedo,  which i s  de f ined  t o  be t h e  average number of  r e f l e c t e d  
e l e c t r o n s  p e r  i n c i d e n t  e l e c t r o n ;  (b)  t h e  energy r e f l e c t i o n  c o e f f i c i e n t  R 
also c a l l e d  t h e  energy a lbedo ,  which i s  de f ined  as t h e  average  amount of  
r e f l e c t e d  e l e c t r o n  energy p e r  u n i t  i n c i d e n t  energy. 
r e f l e c t i o n  c o e f f i c i e n t s  are made n o t  on ly  by primary e l e c t r o n s  bu t  a l s o  
by secondary e l e c t r o n s  t h a t  have been produced i n  e l e c t r o n - e l e c t r o n  co l -  
l i s i o n s  o r  by t h e  a b s o r p t i o n  of secondary bremsstrahlung photons. 
r e f l e c t i o n  c o e f f i c i e n t s  i n c r e a s e  wi th  t a r g e t  t h i ckness  u n t i l  s a t u r a t i o n  
i.s reached at  a t a r g e t  t h i c k n e s s  equa l  t o  h a l f  t h e  range ro o r  smaller. 
Many o f  t h e  r e s u i t s  g iven  h e r e  are f o r  t a r g e t s  wi th  s a t u r a t i o n  th ickness .  
N’ 
E’ 
Con t r ibu t ions  t o  t h e  
The 
Fig. 1 shows t h e  number r e f l e c t i o n  coe f f i - c i en t  R f o r  e l e c t r o n s  
i n c i d e n t  pe rpend icu la r ly  on aluminum t a r g e t s  of  s a t u r a t i o n  th i ckness .  
Experimental  r e s u l t s  from a l a r g e  number o f  p ~ b l i c a t i o n s ~ ~ - ~ ~  are p l o t t e d  
- vs  t h e  i n c i d e n t  e l e c t r o n  energy To (from 0.06 MeV t o  12.0 MeV) and are 
compared wi th  a c a l c u l a t e d  curve (with a n  es t imated  statist ical  u n c e r t a i n t y  
of 5% o r  Less). 
of some of t h e  experiments,  i n d i c a t i n g  perhaps t h a t  t h e  de te rmina t ion  of  
t h e  r e l a t i v e l y  s m a l l  r e f l e c t i o n  c o e f f i c i e n t s  i s  not  a n  easy matter. For  
a d i s c u s s i o n  of  p o s s i b l e  reasons  f o r  some of  t h e  d i sc repanc ie s ,  see, e.g., 
Tabata  . 
N 
There are cons ide rab le  d i sc repanc ie s  between t h e  r e s u l t s  
19 - 
The number r e f l e c t i o n  c o e f f i c i e n t  i s  shown i n  Fig. 2 as func t ion  of  
15, 19,20931 t h e  i n c i d e n t  o b l i q u i t y  ang le  8,; t h e  agreement wi th  experiment 
i s  good. 
mental  d a t a  a,25 on t h e  energy r e f l e c t i o n  c o e f f i c i e n t ,  as shown i n  Fig.  3. 
S a t i s f a c t o r y  agreement i s  a l s o  found wi th  t h e  a v a i l a b l e  exper i -  
Table  2 g i v e s  c a l c u l a t e d ‘ v a l u e s  of  t h e  number r e f l e c t i o n  c o e f f i c i e n t  
R 
f o r  i n c i d e n t  ang le s  8,= 0°,300,450,60 ,75 
e n e r g i e s  To= 1 MeV and 6 MeV. 
wi th  eo; i n  fact, f o r  To= 6.0 MeV, t h e  v a l u e  of \ f o r  eo= 89 
large as 1.03. 
and t h e  energy r e f l e c t i o n  c o e f f i c i e n t  R f o r  many t a r g e t  t h i cknesses ,  
and 89 , and f o r  i n c i d e n t  0 E 0 0  N 
It can be  seen  t h a t  R i n c r e a s e s  s t r o n g l y  
0 
N 
becomes as 
A c a r e f u l  examination of  t h e  c a l c u l a t i o n ,  and a d d i t i o n a l  
i s  .numerical  experimentat ion,  have i n d i c a t e d  t h a t  t h i s  l a r g e  v a l u e  of R 
n o t  a statist ical  f l u k e  bu t  r e s u l t s  from t h e  c o n t r i b u t i o n  of  a l a r g e  number 
of secondary e l e c t r o n s  produced by t h e  a b s o r p t i o n  o f  secondary bremsstrzh- 
lung . 
N 
Table  3 g i v e s  v a l u e s  of  R and R f o r  cosine- law sources ,  f o r  i n c i d e n t  N E 
e n e r g i e s  To = O.5, l .O12.O,4 .O,6 .O,8 ,0  and 10.0 MeV. 
f i c i e n t s  are slowly va ry ing  f u n c t i o n s  of  t h e  i n c i d e n t  e l e c t r o n  energy, 
dec reas ing  wi th  To u n t i l  a t  e n e r g i e s  n e a r  10 MeV t h e r e  i s  a l e v e l i n g  o f f  
because of t h e  i n c r e a s i n g  c o n t r i b u t i o n  of bremsstrahlung-produced secondary 
e l e c t r o n s .  
c i e n t s ,  i.e., t h e  s tandard  d e v i a t i o n  c 
The s tandard  d e v i a t i o n  of t h e  energy r e f l e c t i o n  c o e f f i c i e n t s  o 
The r e f l e c t i o n  coef- 
The statist ical  u n c e r t a i n t y  o f  t h e  number r e f l e c t i o n  c o e f f i -  
i s  i n d i c a t e d  I n  Tables  2 and 3. N’ 
f o r  E’ 
5 
corresponding c o n d i t i o n s  i s  approximately equal  
1 1  
RE t o  2 - GN. 
RN 
I 
5. Transmission C o e f f i c i e n t s  
The summary parameters  o f  i n t e r e s t  are: (a) t h e  number t ransmiss ion  
c o e f f i c i e n t  T 
e l e c t r o n s  p e r  i n c i d e n t  e l e c t r o n ;  (b) t h e  energy t ransmiss ion  c o e f f i c i e n t  
TE, which i s  de f ined  as t h e  average amount o f  e l e c t r o n  energy t r ansmi t t ed  
pe r  u n i t  i n c i d e n t  energy. 
which i s  de f ined  as t h e  average  number of  t r a n s m i t t e d  N' 
Each t r a n s m i t t e d  p a r t i c l e ,  b e  i t  a primary e l e c t r o n  o r  secondary 
e l e c t r o n ,  can m a k e  a c o n t r i b u t i o n  t o . t h e  t ransmiss ion  c o e f f i c i e n t .  
fact ,  T 
i s  charge d e p l e t i o n  i n  t h e  t a r g e t  due t o  t h e  escape o f  secondary e l e c t r o n s .  
I n  
(but  no t  T ) becomes g r e a t e r  than  u n i t y  f o r  a t h i n  t a r g e t ;  t h e r e  N E 
The above d e f i n i t i o n  of  t h e  t ransmiss ion  c o e f f i c i e n t  T corresponds N 
t o  t h e  most common case i n  which t h e  t r a n s m i t t e d  charge i s  measured, e.g., 
wi th  a Faraday cup. Other  experimental  arrangements are a l s o  used which 
' d i f f e r  i n  regard  t o  t h e  t rea tment  of  even t s  i n  which several a s s o c i a t e d  
. 
p a r t i c l e s  emerge t o g e t h e r  from t h e  t a r g e t  (a primary e l e c t r o n  accompanied 
by one o r  more secondary e l e c t r o n s ,  o r  two o r  more secondary e l e c t r o n s  
which are descendants  of  t h e  same primary e l e c t r o n )  . 
used which record  such even t s  as a s i n g l e  d i f f e r e n t i a l  i n  a n g l e  pulse .  
Sometimes t h e  emerging e l e c t r o n  c u r r e n t  i s  obta ined  wi th  a d e t e c t o r  cover ing  
only a small s o l i d  angle ,  and t h e  t ransmiss ion  c o e f f i c i e n t  i s  then  obta ined  
by i n t e g r a t i o n  over  a 2n- s o l i d  angle .  
d e t e c t o r  can only  r eco rd  one of a group of  s imul taneous ly  emerging e l e c t r o n s .  
S l i g h t  ad jus tments  i n  t h e  sco r ing  procedure i n  t h e  ETRAN program are 
2n- coun te r s  have been 
With such an arrangement,  t h e  
p o s s i b l e  by which t h e  t r ansmiss ion  c o e f f i c i e n t  a p p r o p r i a t e  t o  a g' l ven  ex- 
per imenta l  arrangement can be computed. 
I n  Figs.  4a-h,  c a l c u l a t e d  number t r ansmiss ion  c o e f f i c i e n t s  T f o r  N 
t h e  case of  perpendicular  i nc idence  are compared wi th  t h e  r e s u l t s  of 
v a r i o u s  experiments 15-18,23332333 at e i g h t  e n e r g i e s  between 0.25 MeV and 
10 MeV. The c a l c u l a t e d  r e s u l t s  are based -on  samples of 10,000 Monte Car lo  
6 
h i s t o r i e s  at each source  energy, and t h e  s tandard  d e v i a t i o n  of  T 
,,/TN(l - T )/loo. theref o r e  
and c a l c u l a t i o n  i s  good, and t h e  d i s c r e p a n c i e s  are f r e q u e n t l y  smaller 
than  t h o s e  between d i f f e r e n t  experiments.  
i s  
The o v e r a l l  agreement between experiment 
i )  N 
I N 
I '  
Never the less  a b e t t e r  under- 
s t and ing  of  t h e  d i s c r e p a n c i e s  would be d e s i r a b l e .  
experimental  and c a l c u l a t i o n a l  u n c e r t a i n t i e s ,  t h e r e  i s  good agreement 
at e n e r g i e s  between 0.5 MeV and 3 MeV. A t  0.25 MeV t h e  agreement i s  
somewhat less good; i n  p a r t  t h i s  may be due t o  inadequac ies  of  t h e  c r o s s  
s e c t i o n  i n p u t  at  low e n e r g i e s  (approximate t rea tment  of  a tomic b inding  
effects, d i s r e g a r d  of mic roc rys t a l l iGe  n a t u r e  of  medium). 
i s  more pronounced discrepancy.  
men t . 
Within t h e  combined 
- 
A t  4 MeV, t h e r e  
A t  10 MeV, t h e r e  i s  aga in  improved agree-  
The shape o f  t h e  c a l c u l a t e d  t r ansmiss ion  curve and t h e  experimental  
t r ansmiss ion  curve from R e f .  16 at 4.0 MeV are q u i t e  similar, but  t h e  
curves  appear  t o  be  d i sp laced  wi th  r e s p e c t  t o  each o the r .  Very c l o s e  
. agreement could  be ob ta ined  i f  t h e  source energy were 7% t o  8% lower than  
. t h e  nominal va lue .  D r .  Eber t  h a s  i n d i c a t e d i n  p r i v a t e  correspondence t h a t  
such a n  energy s h i f t  wi th  r e s p e c t  t o  t h e  nominal 4.O-MeV v a l u e  i s  u n l i k e l y  
t o  have occurred  b u t  cannot be r u l e d  out .  I n  t h e  i n i t i a l  s t a g e s  o f  h i s  
experiment t h e r e  w e r e  some d i f f i c u l t i e s  i n  regard  t o  t h e  de te rmina t ion  o f  
t h e  beam energy, p a r t i c u l a r l y  between 4 and 6 MeV, b u t  he  thought  t h a t  
t h e s e  d i f f i c u l t i e s  had been resolved.  
ETRAN would make c o r r e c t  p r e d i c t i o n s  at 3 MeV, as i s  t h e  case, bu t  no t  at  
4 MeV. 
and p r a c t i c a l  range,  d i scussed  i n  Sec t ions  7 and 8, which suppor t s  t h e  
v a l i d i t y  o f  the IZTRAN r e s u l t s  at  4 MeV. 
It i s  d i f f i c u l t  t o  understand why 
There i s  a l s o  evidence from o t h e r  experiments on charge d e p o s i t i o n  
I n  Fig. 5, experimental15 and c a l c u l a t e d  transmis.sion curves  are 
0 compared f o r  a n  i n c i d e n t  o b l i q u i t y  ang le  eo= 45 
between 0.25 MeV arid 1.0 MeV; t h e  agreement i s  good. 
s i o n  curves  are g iven  f o r  perpendicular  i nc idence  and an i n c i d e n t  energy 
of  10.0 MeV f o r  v a r i o u s  media inc lud ing  Be ,  C ,  A l ,  Cu, Ag, and Pb. 
S a t i s f a c t o r y  agreement i s  found wi th  corresponding experimental  r e s u l t s  . 
and i n c i d e n t  e n e r g i e s  
I n  Fig.  6, t ransmis-  
16,34 
P 
7 
' Table 4 g i v e s  c a l c u l a t e d  v a l u e s  o f  t h e  number t ransmiss ion  coef-  
f i c i e n t  T f o r  many t a r g e t  
t h i cknesses  and f o r  i n c i d e n t  d i r e c t i o n s  eo= 0 ,30 ,45°,600,750, and 8 9 O ,  
f o r  To= 1.0 MeV and 6.0 MeV. Table  5 g i v e s  T and T f o r  cosine- law 
sources  and i n c i d e n t  e n e r g i e s  of  To= 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, and 
10.0 MeV. The s tandard  d e v i a t i o n  c; of  r e s u l t s  f o r  T i s  given The N 
corresponding s t anda rd  d e v i a t i o n  c; E TN ON' 
I n spec t ion  o f  Table  5 confirms t h e  e f f e c t i v e n e s s  of s c a l i n g  through u s e  
o f  t h e  t h i c k n e s s  v a r i a b l e  z/ro,  t h e  r e s i d u a l  energy dependence being r a t h e r  
s m a l l  so t h a t  i n t e r p o l a t i o n  wi th  r e s p e c t  t o  source  energy i s  easy. 
and of t h e  energy t ransmiss ion  c o e f f i c i e n t  T E 
0 0  
N 
N E 
N +E 
of  TE i s  es t imated  t o  b e  2 -  
~ _ _  - -~ 
6. Transmission of  Bremsstrahlung Energy 
I n  t h e  course  o f  t r a v e r s i n g  t h e  t a r g e t ,  t h e  e l e c t r o n s  produce brems- 
s t r ah lung .  The mean f r e e  pa th  of  t h e  bremsstrahlung photons i s  l a r g e  com- 
pared t o  t h e  e l e c t r o n  range ,  so t h a t  a s i g n i f i c a n t  amount o f  energy can 
escape from t h e  t a r g e t  i n  t h e  form of bremsstrahlung,  even when t h e  t a r g e t  
i s  t h i c k  enough t o  s t o p  a l l  primary e l e c t r o n s .  The energy t ransmiss ion  i n  
t h e  form of  bremsstrahlung i s  u s u a l l y  c h a r a c t e r i z e d  i n  terms of  t h e  brems- 
s t r a h l u n g  e f f i c i e n c y  Y. T h i s  q u a n t i t y  i s  def ined ,  i n  t h e  p re sen t  con tex t ,  
as t h e  f r a c t i o n  of t h e  i n c i d e n t  e l e c t r o n  k i n e t i c  energy t h a t  emerges as brems- 
. s t r ah lung  energy through t h e  t ransmiss ion  face of t h e  t a r g e t .  
begins  t o  be a p p r e c i a b l e  at i n c i d e n t  e n e r g i e s  o f  s e v e r a l  MeV. 
earlier e f f i c i e n c y  d a t a  f o r  perpendicular  e l e c t r o n  incidence5 and f o r  a 
cosine- law Fig. 7 shows t h e  dependence of Y on t h e  e l e c t r o n  
i n c i d e n t  o b l i q u i t y  a n g l e  eo, f o r  6.0 MeV e l e c t r o n s  i n c i d e n t  on aluminum 
t a r g e t s .  
i n g  on t h e  t a r g e t  t h i c k n e s s  and i n c i d e n t  e l e c t r o n  d i r e c t i o n .  
The e f f i c i e n c y  
Supplementing 
It can  be  seen t h a t  t h e  e f f i c i e n c y  l ies between 1 and A%, depend- 
7. Charge Deposi t ion D i s t r i b u t i o n s  
Those e l e c t r o n s  which are not  r e f l e c t e d  o r  t r a n s m i t t e d  cone t o  rest 
in the t a r g e t  and d e p o s i t  t h e i r  charge at v a r i o u s  depths;  
o f  depos i t ed  e lectr ic  charge wi th  depth,  D.,( z )  , i s  c l o s e l y  r e l a t e d  t o  t h e  
t ransmiss ion  curve  T (2). 
The d i s t r i b u t i o n  
In f a c t ,  except  f o r  a b a c k s c a t t e r i n g  c o r r e c t i o n ,  N 
* 
8 
Dc(z) i s  equal  t o  t h e  d e r i v a t i v e  of t h e  t ransmiss ion  curve wi th  r e s p e c t  
to z c  The ETRAN program h a s  t h e  c a p a b i l i t y  o f  e x t r a c t i n g  from t h e  same 
set o f  sampled Monte Car lo  h i s t o r i e s  no t  on ly  t h e  t ransmiss ion  c o e f f i -  
c i e n t s  b u t  a l s o  t h e  charge  depos i t i on  d i s t r i b u t i o n s .  
on t h e  charge d e p o s i t i o n  d i s t r i b u t i o n  are a v a i l a b l e  35736. 
p e r t i n e n t  t o  make comparisons which can provide  a s e n s i t i v e  t es t  of  t h e  
Experimental  d a t a  
It i s  t h e r e f o r e  
Monte Car lo  t r ea tmen t  of  t h e  e l e c t r o n  t r a n s p o r t  problem. 
Comparisons w i t h  exper imenta l  charge depos i t i on  d i s t r i b u t i o n s  are 
made i n  Figs.  $a-g f o r  v a r i o u s  media, I n  some cases t h e  i n c i d e n t  e l e c t r o n  
energy i n  t h e  experiment d i f f e r e d  s l i g h t l y  from t h a t  assumed i n  t h e  calcu-  
l a t i o n ,  b u t  t h i s  d i f f i c u l t y  was circumvented by p l o t t i n g  t h e  charge 
d e p o s i t i o n  d i s t r i b u t i o n  E t h e  r a t i o  z/ro; 
t h a t  t h e  exper imenta l  d a t a  are i n  a l l  c a s e s  f o r  s e m i - i n f i n i t e  media whereas 
t h e  c a l c u l a t i o n s  are s e m i - i n f i n i t e  B e  and A 1  media, f o r  s l a b  t a r g e t s  wi th  
th i cknesses  equal  t o  O.$r,, and 0.6ro f o r  Cu, Ag, and Pb, r e s p e c t i v e l y ,  
The c a l c u l a t e d  d i s t r i b u t i o n s  f o r  Cu, Ag, and Pb t h e r e f o r e  are somewhat 
lower than  t h e  exper imenta l  d i s t r i b u t i o n s  near  t h e  t ransmiss ion  f a c e  of 
t a r g e t ,  as i s  t o  be  expected. 
The peak p o s i t i o n  o f  t h e  charge d i s t r i b u t i o n  i s  p red ic t ed  c o r r e c t l y ,  as i s  
t h e  charge d e p l e t i o n  at shal low depths .  
It should a l s o  b e  mentioned 
Elsewhere, t h e r e  i s  g e n e r a l l y  good agreement. 
The r e s u l t s  i nc lude  t h e  case of  
4 . 0  MeV e l e c t r o n s  i n c i d e n t  OR aluminum, and t h e  agreement wi th  experiment 
ob ta ined  i n  t h i s  case lends  suppor t  t o  t h e  view t h a t  t h e  c a l c u l a t e d  t r a n s -  
mission curve  i n  Fig.  4g i s  a l s o  c o r r e c t .  
8. P r a c t i c a l  Ranges 
Another u s e f u l  parameter c h a r a c t e r i z i n g  t h e  t ransmiss ion  of e l e c t r o n s  
through p l a n e - p a r a l l e l  targets is t h e  p r a c t i c a l  range r 
e x t r a p o l a t e d  range37). 
t h e  approximately l i n e a r  middle p o r t i o n  o f  t h e  t ransmiss ion  curve  T ( z ) ;  N 
r i s  t aken  t o  be equa l  t o  t h e  v a l u e  of z f o r  which t h e  ex t ra .pola ted  
l i n e a r  t ransmiss ion  curve reaches  t h e  v a l u e  zero.  
( a l s o  c a l l e d  t h e  
P 
T h i s  q u a n t i t y  i s  determined by e x t r a p o l a t i n g  
P 
9 
'' 
An a n a l y s i s  of t h e  c a l c u l a t e d  t ransmiss ion  curves f o r  perpendicular  
i pc idence  g iven  i n  t h i s .  memorandum l e a d s  t o  a n  empir ica l  formula 
I '  
r = 0.548 TO - 0.155. g/cm2 A 1  
P 
1 MeV < To 5 12 MeV - 
which i s  r a t h e r  c l o s e  t o  a n  earlier empi r i ca l  formula i n  t h i s  energy r eg ion ,  
r = 0.530 To - 0.106 g/cm2 A1 
P 
1 MeV 5 T, < 20 MeV - 
der ived  by Katz and Penfold3* from t h e  experimental  d a t a  a v a i l a b l e  i n  1951. 
A s e n s i t i v e  way of  comparing c a l c u l a t e d  and experimental  p r a c t i c a l  
Th i s  i s  range-values  i s  provided by p l o t t i n g  t h e  q u a n t i t y  r 
done i n  Fig. 9 over  t h e  energy i n t e r v a l  from 0.25 MeV t o  12 MeV. 
be  seen  t h a t  t h e  Monte Car lo  r e s u l t s  and Katz-Penfold r e s u l t s  d i f f e r  l i t t l e  
To E To. d 
It can 
from each o t h e r ,  and are i n  agreement w i t h  a l l  experimental  r e s u l t s  15 7 17 23 > 
' 32733,39 except  t h o s e  from Ref. 16 which .appear  t o  have a d i f f e r e n t  energy 
dependence. 
c 
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Table 1. E lec t ron  c.s.d.a. r ange  in aluminum. 
0.25 0.082 2.5 1.54 
0 -4 0.164 3.0 1.86 
0.6 0 . 287 4-0 2.48 
0.5 0.224 3.5 2.17 
0.8 0.417 4-5 2.78 
0 *9 0 .483 5.0 3.08 
1.0 0 549 5.5 3.37 
1.2 0 683 6.0 3.66 
1 .4 0.816 7.0 4.23 
1.6 0,949 8.0 4.78 
1.8 1 .08 9 .o 5.32 
2.0 1.21 10.0 5-84 
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Figures  
Fig,  1. Number r e f l e c t i o n  c o e f f i c i e n t  R f o r  e l e c t r o n s  i n c i d e n t  N 
pe rpend icu la r ly  on aluminum t a r g e t s  of  s a t u r a t i o n  th i ck -  
ness .  The c a l c u l a t e d  c o e f f i c i e n t  as a func t ion  of  t h e  
i n c i d e n t  e l e c t r o n  energy i s  compared wi th  t h e  experimental  
v a l u e s  of  Miller and Hendricks15, Ebert  e t  ale16, Agu e t  al. 
Nakai e t  
17 , 
Tabata", Cohen and Kora12', Sa ld i ck  and 
Al len  21 , Jaksch ik  and J z n g s t  22 , Miller23, Rester e t  al. 21, , 
Glazunov and G ~ g l y a ~ ~ ,  and Trump and Van d e  Graaff 30 . 
24 28 Wright and Trump25, Frank , Dre~sel '~ ,  Harder and F e r b e r t  , 
Fig.  2. Number r e f l e c t i o n  c o e f f i c i e n t  R f o r  aluminum as a f u n c t i o n  
Targe t  has  s a t u r a t i o n  th i ck -  
N 
o f  t h e  ang le  of inc idence ,  €lo. 
ness .  The c a l c u l a t e d  curve  i s  compared wi th  t h e  experimental  
r e s u l t s  o f  Cohen and Kora12', Miller and Hendricks 15 , 
Okabe e t  al.e31, and Tabata  19 . 
Fig. 3 .  Energy r e f l e c t i o n  c o e f f i c i e n t  R f o r  e l e c t r o n s  i n c i d e n t  E 
pe rpend icu la r ly  on aluminum t a r g e t s  o f  s a t u r a t i o n  th i ckness .  
The c a l c u l a t e d  curve  o f  R 
i s  compared wi th  t h e  experimental  r e s u l t s  o f  Rester e t  al. 
and Wright and Trump . 
vs  t h e  i n c i d e n t  e l e c t r o n  energy To 
2.4 E -  
25 
Fig. 4.- Number t r ansmiss ion  c o e f f i c i e n t  T f o r  e l e c t r o n s  i n c i d e n t  N 
pe rpend icu la r ly ,  wi th  k i n e t i c  energy T o ,  on p l a n e - p a r a l l e l  
aluminum t a r g e t s  of  t h i ckness  Z. The s o l i d  ca rves  are cal- 
c u l a t e d  v a l u e s  o f  T and p e r t a i n  t o  t h e  t r a n s m i t t e d  charge.  
The dashed curves  are c a l c u l a t e d  such t h a t  t h e  emergence 
of a primary e l e c t r o n  and one o r  more a s s o c i a t e d  secondary 
N 
e l e c t r o n s  i s  t r e a t e d  as a s i n g l e  " t ransmiss ion  event",  which 
Fig. 4- (cont inued)  
32 corresponds t o  t h e  exper imenta l  cond i t ions  of S e l i g e r  
and Harder and Poschet  e 33 
a. To = 0.25 MeV; comparison wi th  r e s u l t s  of 
Se l iger32  and Miller and Hendricks 15 ; 
17 b. To = 0.5 MeV; comparison wi th  r e s u l t s  of  Agu e t  al .  
and Miller and Hendricks ; 
C. To = 0,75 MeV; comparison wi th  experimental  r e s u l t s  
of Agu e t  al? at  0.7 MeV, Nakai et a1.l8 at  
0.8 MeV, and Miller and Hendricks15 at 0.75 MeV; 
d. To = 1.0 MeV; comparison wi th  t h e  r e s u l t s  of  
Se l iger32  at  0.96 MeV, and of Nakai e t  ala18, Miller 
and Hendricks", and Miller23 at 1.0 MeV; 
1-5 
e. To = 2.0 MeV; comparison wi th  experimental  r e s u l t s  
of ~ 1 1 ~ ~ ~ 3 ;  
of Miller 23. , 
f .  To = 3.0 MeV; comparison wi th  experimental  r e s u l t s  
g. To = 4.0 MeV; comparison wi th  experimental  r e s u l t s  
33 of Ebert  e t  
at 4-17' MeV; 
at 4.0 MeV, and Harder and Poschet  
h. To = 10.0 MeV; comparison wi th  experimental  r e s u l t s  
of Ebert  e t  a1.16 a t  10.0 MeV, and Harder and Poschet 33 
a t  10.83 MeV. 
Number t r ansmiss ion  c o e f f i c i e n t  T f o r  e l e c t r o n s  i n c i d e n t  
on a p l a n e - p a r a l l e l  aluminum t a r g e t  of  t h i ckness  z wi th  
energy To and wi th  o b l i q u i t y  a n g l e  €lo = 45'. A s  i n  Fig.  4, 
s o l i d  curves  p e r t a i n  t o  t r a n s m i t t e d  charge,  and dashed curves  
t o  " t ransmiss ion  events".  Comparisons are made wi th  exper i -  
mental  r e s u l t s  of Miller and Hendricks" who measured t r a n s -  
mi t t ed  charge.  
N Fig.  5. 
a. To = 0.25 MeV; 
b. To = 0.5 MeV; 
C. To = 0.75 MeV; 
d. To = 1.0 MeV. 
Fig. 6. Number t r ansmiss ion  c o e f f i c i e n t  T f o r  10-MeV e l e c t r o n s  N 
i n c i d e n t  pe rpend icu la r ly  on p l a n e - p a r a l l e l  Be,  C ,  A l ,  Cu, 
Ag, and Pb t a r g e t s .  
The r e s u l t s  f o r  B e  are e n t i r e l y  t h e o r e t i c a l  (curve  1: 
i n c l u d e s  primary and sedondary e l e c t r o n s ,  based on complete 
t rea tment  of energy- l o s s  s t r a g g l i n g ;  curve 2: (dashed) - 
i n c l u d e s  primary e l e c t r o n s  only ,  based on complete t rea tment  
of energy- loss  s t r a g g l i n g ;  curve  3: inc ludes  primary e l e c t r o n s  
only,  energy l o s s  t r e a t e d  i n  continuous-slowing-down-approxi- 
mation).  
t o  curve 1 f o r  Be. 
For t h e  o t h e r  media, t h e  c a l c u l a t e d  curves  correspond 
Comparisons are made wi th  experimental  r e s u l t s  o f  
Eber t  e t  
The exper imenta l  p o i n t s  accompanying t h e  c a l c u l a t e d  curve f o r  
16 Pb ( 2 ~ 8 2 )  are a c t u a l l y  r e s u l t s  ob ta ined  by Eber t  e t  al, 
f o r  Ta ( 2 ~ 7 3 )  [open p o i n t s  ( o ) ]  and f o r  U (292) [open squares  
[open p o i n t s  (o ) ]  and Harder34 [ s o l i d  p o i n t s  (e)]. 
P >I. 
Fig. 7. Bremsstrahlung e f f i c i e n c y  Y f o r  6.0-MeV e l e c t r o n s  i n c i d e n t  
at  v a r i o u s  a n g l e s  on a p l a n e - p a r a l l e l  aluminum t a r g e t  of 
t h i c k n e s s  Z. 
Fig. 8. D i s t r i b u t i o n  wi th  r e spec t  t o  depth of t h e  charge depos i t ed  
by e l e c t r o n s  i n c i d e n t  pe rpend icu la r ly  on p l a n e - p a r a l l e l  
t a r g e t s .  
charge,  p e r  i n c i d e n t  e l e c t r o n ,  t h a t  i s  depos i ted  at  depth z 
p e r  u n i t  l a y e r  of t h e  t a r g e t .  Actua l ly  p l o t t e d  i s  t h e  
dimensionless  q u a n t i t y  r ,D  (.)/e, where ro i s  t h e  c.s.d,a. 
range  of  t h e  i n c i d e n t  e l e c t r o n s  and e i s  t h e  e l e c t r o n i c  
charge.  A nega t ive  v a l u e  o f  D (2) i n d i c a t e s  charge dep le t ion  
due t o  t h e  escape  of s econdary ' e l ec t rons .  
The d i s t r i b u t i o n  D ( 2 )  r e p r e s e n t s  t h e  amount of  
C 
C 
C 
Fig. 8, (cont inued)  
a. S e m i - i n f i n i t e  A1  medium; To = 3 MeV; 
experimental  p o i n t s  ( 0 )  from Gross and Wright 35. , 
b.  Semi - in f in i t e  A1  medium; To = 4 MeV; curve  from 
experiment o f  Tabata  e t  al.36 at 4.05 MeV; 
S e m i - i n f i n i t e  B e  medium; To = 10 MeV; p o i n t s  ( 0 )  
from experiment of  Tabata  e t  al.36 at 11.5 MeV. 
Dotted h is togram i s  from a c a l c u l a t i o n  us ing  t h e  
continuous- slowing- down- approximation. 
S e m i - i n f i n i t e  A1  medium; To = 10 MeV; p o i n t s  ( 0 )  
from experiment of Tabata  e t  a1 .36 at 11.5 MeV; 
Cu s l a b  wi th  th i ckness  0.8 r,; To = 10 MeV; 
p o i n t s  ((5) from experiment of Tabata  et al. 
at  11.5 MeV i n  s e m i -  i n f i n i t e  medium; 
Ag s l a b  wi th  t h i c k n e s s  0.8 ro; To = 10 MeV; 
p o i n t s  ( 0 )  from experiment of Tabata  e t  at  
11.5 MeV i n  s e m i - i n f i n i t e  medium; 
Pb s l a b  wi th  t h i c k n e s s  0.6 r,; To = 10 MeV; 
po in t s  (0) from experiment of Tabata  e t  al.36 at  
11.5 MeV i n  s e m i - i n f i n i t e  Au medium. 
C .  
d. 
e. 
36 
f. 
g. 
Fig. 9. R a t i o  of p r a c t i c a l  range r t o , i n c i d e n t  e l e c t r o n  k i n e t i c  
P 
energy To, f o r  p l a n e - p a r a l l e l  aluminum t a r g e t s .  
Monte Car lo  curve o f  r To To i s  compared wi th  t h e  
empi r i ca l  formula of  Katz and PenfoldS8 and wi th  exper i -  
The 
d 
mental r e s u l t s  o f  Sel iger32,  Miller and Hendricks 15 
Harder and PoschetS3, Agu e t  al.17, H o r i k i r i  et al .  39 , 
Eber t  e t  do l6 ,  and Miller 23 . 
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